The authors have proposed a high temperature solvent fractionation method that can separate coals into several fractions having different molecular weight without destroying coal structure. In this study the method was applied to characterization of low-grade coals and binder during their co-pyrolysis to clarify chemical interaction between them. When a sub-bituminous coal or a slightly-caking coal was copyrolyzed with asphalt pitch (ASP), it was found that smaller-molecular weight compounds less than 800 in molecular weight which were abundant in ASP could be added by appearance as can be expected from the calculation assuming no interaction between the coals and ASP. The added smaller-molecular weight compounds contributed to the reduction of viscosity of the pyrolyzing coal. The possibility was also suggested that part of smaller-molecular weight compounds in ASP were converted to heavier compounds whereas some smaller-molecular weight compounds were formed from coals to compensate the loss of such compounds derived from ASP. It was also shown that oxygen existent in the heaviest fraction of the low-grade coals was removed to form H2O and CO2 by chemical interaction with ASP. This interaction was found to contribute to the reduction of shrinkage of low-grade coals during carbonization.
Introduction
Steel industries need to increase the use of low-grade coals in coke making due to the recent rapid increase in coking coal price. If the conventional coke ovens continue to be used under such circumstances, it is necessary to increase the use of costly binders such as asphalt pitch, which has been believed to be effective in enhancing the coke strength when pyrolyzed and carbonized with coals. 1) To minimize the use of the binders, it is necessary to use them in more effective ways based on the mechanism on how the binders contribute to the enhancement of coke strength. However, such mechanism is still unclear, and it is desired to clarify whether the binders act as just glue or there are also chemical interactions to improve the coal properties. 2) Physical effect by adding binder has recently been investigated by some researchers. 3) In this study chemical interactions between coals and binder were examined by analyzing the chemical structure of coals and binder during their co-pyrolysis in detail.
The authors have proposed a high temperature solvent fractionation method that can separate coals into several fractions having different molecular weight without destroy-ing coal structure. 4) The method was effective not only in recovering valuable component from coal but also in characterizing coal structure. [4] [5] [6] [7] In this study the method was applied to characterization of low-grade coals and binder during their co-pyrolysis to clarify chemical interaction between them.
Experimental

Sample Preparation
A sub-bituminous coal, Adaro coal (AD), a slightly-caking coal, White Haven coal (WH), and a strongly-caking coal, Goonyella coal (GNY) were used in this study. Asphalt pitch (ASP) was used as a binder. The properties of the coals and ASP are given in Table 1 .
Each coal was pulverized to less than 1 mm in diameter prior to pyrolysis with or without ASP. AD mixed with 10 wt% ASP (AD90 ASP10), WH mixed with 10 wt% ASP (WH90 ASP10), and WH mixed with 30 wt% ASP (WH70 ASP30) as well as AD, WH, GNY, ASP were heated up to 450°C at 3 K/min under inert gas atmosphere. The samples immediately cooled down to room temperature after the heat-treatment were served to high temperature solvent fractionation experiment. © 2014 ISIJ
Procedure of High Temperature Solvent Fractionation
A schematic diagram of the apparatus used for the high temperature solvent fractionation was shown in Fig. 1 . A non-polar solvent, 1-methylnaphthalene was used as the solvent. The procedure of the proposed extraction method has been described in detail in the previous papers. 8, 9) The fractionation experiment started from the extraction at 250°C. This extraction separated the sample into the residue, the solid extract that precipitated from the extract at room temperature (deposit), and the extract soluble in solvent even at room temperature (soluble). The deposit obtained by this extraction is a fraction which precipitated as solid at 25°C from the extract obtained at 250°C. This means that the deposit is soluble at 250°C but becomes insoluble in 1methylnaphthalene at between 25°C and 250°C. From this viewpoint, the deposit obtained by the 250°C extraction is represented as "Frac.+25-250". Then the residue and the soluble obtained by the 250°C extraction are, respectively, referred to as "Frac.+250" and "Frac.-25" here. Next, the Frac.+250 was subjected to the extraction at 350°C, which fractionated the Frac.+250 into Frac.+250-350 and Frac.+350. All the fractions except Frac.-25 were obtained as solid. The solvent dissolving the Frac.-25 was evaporated at around 140°C under reduced pressure to recover the Frac.-25 as a solid.
Analyses of the Fractions Obtained by High Temperature Solvent Fractionation
The fractions obtained were characterized through various analyses. The laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS; Shimadzu/Kratos KOMPACT-MALDI-II) was used to estimate the molecular weight distributions of the fractions obtained. The MALDI spectrometer is equipped with an N2 UV laser of 337 nm in wavelength and its acceleration voltage could be chosen as either 5 kV (low mode) or 20 kV (high mode). Laser power was carefully selected from the power range where the molecular weight distribution of the sample did not change with the laser power in order to avoid decomposition of the sample. Ultimate analyses of the fractions were performed using a CHN analyzer (Yanaco, MT-6). Sulfur contents of the fractions were determined by a combustion-infrared absorptiometric method. Determination of type and distribution of hydrogen in Frac.-25 was performed by 1 H NMR analyses (JEOL, ECX-400). Weight decreasing curves of the fractions were measured using a thermobalance type reactor (Shimadzu; TGA50) during the heating up at a rate of 10 Κ/ min up to 900°C in a nitrogen stream. Under the same heating conditions the softening/melting and shrinking behaviors of the fractions were examined using a thermomechanical analyzer (Shimadzu; TMA50) in which the displacement depth of a rod into a solid sample bed was continuously monitored. Solid sample was placed in a pan (5.2 mm I.D. and 6.0 mm high) at the height of 1 mm. The rod of 4.3 mm in diameter was loaded with a constant load of 0.098 N for the measurement. Figure 2 shows the yield of each fraction for the coals and ASP heated up to 450°C. The strongly-caking coal, GNY was the richest in the extracted fractions, Frac.-25, Frac.+25-250, and Frac.+250-350 among the coals tested while the subbituminous coal, AD was the poorest in these fractions. Frac.-25 accounted for as large as 75% of ASP. These results suggest that abundance of Frac.-25, Frac.+25-250, and Frac.+250-350 reflects the better fusibility. Figure 3 shows the yield of each fraction for the coals copyrolyzed with ASP up to 450°C. The figure also shows the yield calculated from the data shown in Fig. 2 assuming no interaction between the coals and ASP. The yield of Frac.-25 for co-pyrolysis was a little smaller than the calculated Frac.-25 yield for WH70 ASP30, whereas the yield of Frac.+350 was close to the calculated yield. Compositions for the co-pyrolyzed samples were similar to the calculated compositions for AD90 ASP10 and WH90 ASP10. In other words, the composition of low-grade coals such as WH or AD can be made similar to that of the high-grade GNY coal by adding ASP as can be expected from the amount of ASP added. Figure 4 shows molecular weight distributions of Frac.-25. The distributions were not dependent on the kind of the raw materials and were similar whether co-pyrolyzed or not. Any Frac.-25 consisted of compounds less than 800 in molecular weight and a peak of the distribution appeared at around 300 in molecular weight. The molecular weight distributions of the other fractions were not different among the original samples as well. Reflecting these similarities of molecular weight, softening and melting behaviors of each fraction did not largely depend on their origins as seen in TMA curves typically shown for Frac.-25 in Fig. 5 . All the Frac.-25 melted at around 100°C while all the Frac.+350 didn't melt at all. Since molecular weight distributions and softening/melting behaviors of each fraction were not significantly different among the samples, softening and melting behaviors of the coals co-pyrolyzesd with ASP are expected to depend on the relative abundance of each fraction. Figure 6 compares TMA curves of WH, WH with ASP, and GNY. The softening and melting behaviors of WH became closer to that of GNY with the increase of ASP added as expected from the fact that smaller molecular weight compounds such as Frac.-25 was increased by addition of ASP, which was shown in Fig. 3. Figure 7 shows a plot of apparent viscosity at 450°C estimated from TMA curves shown in Fig. 6 by assuming that the samples behave as a Newtonian fluid 6) against relative abundance of the extracted fractions (Frac.-25, Frac.+25-250, and Frac.+250-350). The estimated apparent viscosity decreased with the increase of the extracted fractions, indicating that the viscosity of the coals or coals with ASP was dominated by relative abundance of smaller molecular weight compounds which could be controlled by the amount of ASP added.
Results and Discussion
It was thus shown that the molecular weight distribution and softening/melting behavior of each fraction were not dependent on the kind of the raw materials and were similar whether co-pyrolyzed or not, and that the softening/melting behaviors of the coals co-pyrolyzed with ASP were correlated with relative abundance of smaller molecular weight compounds, whose increase when ASP was added corresponded to the amount of such compounds in ASP by appearance. Analysis of elemental composition and hydro-gen type distribution of the fraction, however, show some chemical interaction in co-pyrolysis between coal and ASP. Table 2 shows elemental compositions of the fractions obtained from coals, ASP, and coals with ASP heated up to 450°C. Elemental compositions calculated by assuming no interaction between coals and ASP are also shown in Table  2 . While hydrogen contents of Frac.-25 decreased when copyrolyzed, oxygen contents of Frac.+350 significantly decreased. These differences were more significant for the lower-grade coal, AD. These interactions made the elemental composition of each fraction closer to that of GNY. compares hydrogen type distributions of Frac.-25 for copyrolysis (exp.) with the calculated value. Har, Hα, Hγ, and Hβ, in Fig. 8 respectively represent aromatic hydrogen, hydrogen on α position carbon, peripheral methyl hydrogen, and hydrogen on β position carbon and the other carbons.
The amount of aliphatic hydrogens, Hα, Hβ, and Hγ, for WH coal co-pyrolyzed with ASP was smaller than the calculated one whereas the amount of aromatic hydrogens, Har for WH coal co-pyrolyzed with ASP was larger than the calculated one. These results imply that chemical reactions took place between coals and ASP which made hydrogen type distributions of Frac.-25 closer to that of GNY. CO2 formed in co-pyrolysis was more than the calculated value as shown in Fig. 9 , which seems consistent with the decrease of oxygen of Frac.+350 in co-pyrolysis. Figure 10 shows sulfur distribution for coals and ASP heated up to 450°C. The ASP heated up to 450°C contained totally as large as 5.8%-d.a.f. sulfur whereas WH and AD heated up to 450°C contained less than 0.3%-d.a.f. sulfur. Considering sulfur in ASP as a tracer element, interaction between the coals and ASP in co-pyrolysis was examined. Figure 11 compares sulfur distributions for co-pyrolysis (exp.) with those calculated by assuming no interaction between coals and ASP (calc.). Less sulfur was distributed to Frac.-25 and more sulfur was distributed to Frac.+350 for co-pyrolysis than the calculated value. Since almost all the sulfur in Frac.-25 was originated from ASP, this result indicates that part of Frac.-25 of ASP was converted to Although the significant chemical interactions are suggested, apparent abundance of smaller-molecular weight compounds was not significantly affected by the interaction. Therefore, the chemical interaction did not inhibit the reduction of viscosity by adding ASP. Figure 12 compares the balance of each element in copyrolysis with the calculated balance. The balances were shown for 100 mol carbons of the raw coals. The calculated balance for WH shows that Frac.+350 contained 7.7 mol oxygens for 69 mol carbons. In co-pyrolysis, on the other hand, Frac.+350 contained 5.7 mol oxygens for 69 mol carbons. For AD, the calculated balance shows that Frac.+350 contained 13.2 mol oxygens for 80 mol carbons while Frac.+350 contained much less 9.2 mol oxygens for 85 mol carbons in co-pyrolysis. Since these decreases of oxygen in Frac.+350 in co-pyrolysis cannot fully be explained by the increase of CO2 yield, it was suggested that oxygen in Frac.+350 were mainly removed as H2O by interaction between coals and ASP. It was thus found that oxygen of the main constituent of the coals, Frac.+350, was removed by the chemical interaction with ASP. To investigate what this interaction would bring about, thermal behaviors of Frac.+350 were examined. Figure 13 shows thermogravimetric curves and thermomechanical analysis curves for Frac.+350 obtained from coals, ASP, and coals with ASP heated up to 450°C. Weight loss and shrinkage of Frac.+350 were more significant for AD and WH than for GNY. However, weight loss and shrinkage of Frac.+350 for WH and AD were decreased when copyrolyzed with ASP. This was presumably due to the reduction of oxygen in Frac.+350 by interaction with ASP up to 450°C, which resulted in the reduction of CO, CO2, and H2O formation during carbonization at higher than 550°C. Since Frac.+350 is the main constituent of coals, the reducing effect of shrinkage found for Frac.+350 could lead to the shrinkage reduction of the coal, which should be one of the important roles of the binder.
Conclusions
Interactions between low-grade coals and a binder, ASP, during their co-pyrolysis were investigated by utilizing the high temperature solvent fractionation method the authors proposed.
When low-grade coals were co-pyrolyzed with ASP, it was found that smaller-molecular weight compounds (Frac.-25) which were abundant in ASP could be added by appearance as can be expected from the calculation assuming no interaction between the coals and ASP. The added smaller-molecular weight compounds contributed to the reduction of viscosity of the pyrolyzing coal. The possibility was also suggested that part of smaller-molecular weight compounds in ASP were converted to heavier compounds whereas some smaller-molecular weight compounds were formed from the coals to compensate the loss of such compounds derived from ASP.
It was clarified that oxygen existent in the heaviest fraction (Frac.+350) of the low-grade coals was removed to form H2O and CO2 by chemical interaction with ASP. This interaction was found to contribute to the reduction of shrinkage of low-grade coals during carbonization.
